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The molecular and cellular mechanisms of sarcopenia are complex and result from many interacting physiological events (40) . A factor that contributes to the loss of lean mass in older adults may be the inability to fully activate components of the mammalian target of rapamycin complex 1 (mTORC1) signaling pathway following resistance exercise (15, 34, 38) . The mTORC1 pathway is sensitive to changes in nutritional, hormonal, contractile, and energy status, and its activity notably leads to downstream phosphorylation of ribosomal S6 kinase 1 and 4E binding protein 1 (10) . mTORC1 can also indirectly upregulate the transcription of several genes associated with amino acid transport (1, 37, 44, 45) . This function appears to be partly mediated by activating transcription factor 4 (ATF4/ cAMP response element binding protein 2) (1, 16, 31, 42) , but the mechanisms of mTORC1-regulated amino acid transporter expression in young and older adult skeletal muscle are not yet understood.
Changes in amino acid availability can profoundly alter protein metabolism (50) . Amino acid transporters have a key role in the regulation of muscle protein metabolism because of their ability to activate the mTORC1 signaling pathway. Amino acid transporters can influence mTORC1 activity, either by increasing the delivery of substrates (i.e., leucine) to an unknown upstream nutrient sensor, or by relaying signals to downstream targets, independent of amino acid transport (e.g., transceptor) (17, 24) . Specifically, system L [L-type amino acid transporter 1 (LAT1)/solute-linked carrier (SLC) 7A5 and CD98/SLC3A2 heterodimeric complex] and system A [i.e., sodium-coupled neutral amino acid transporter 2 (SNAT2)/ SLC38A2] amino acid transporters have received special attention because of their role in sensing changes in amino acid availability (3, 13, 26, 39, 41) , transporting large neutral amino acids (i.e., branch-chain amino acids) into the cell to activate mTORC1 (2, 6, 27) , and are transcriptionally regulated by a mTORC1-dependent mechanism (1, 37, (43) (44) (45) . More recently, the proton-assisted amino acid transporters (i.e., PAT1) have been credited with regulating cell size and may also be important players in transmitting nutrient signals to mTORC1 (17) (18) (19) 21) . The role of cationic amino acid transporter 1 (CAT1)/SLC7A1 in skeletal muscle is less clear, although it is a modulator of arginine transport (28, 48) . To add further complexity, amino acid availability influences CAT1 expression (25, 36) , while downregulation of CAT1 transporters by RNA interference in neuronal cells caused a marked reduction of mTORC1 activity and nerve growth (23) . In support of the link between mTORC1 signaling and amino acid transporter expression, we have recently reported that an increase in amino acid availability increases mTORC1 signaling and protein synthesis as well as system L, system A, and PAT1 expression in human skeletal muscle (12) .
Resistance exercise in fasted adults also increases amino acid transport and, subsequently, muscle protein synthesis, as assessed with the stable isotope tracer technique (4) . To date, some information is available describing the role of specific amino acid transporters in rodent (20, 32) , but not human, skeletal muscle following exercise. Since an unaccustomed bout of resistance exercise stimulates mTORC1 signaling and muscle protein synthesis in young but not older adults (15, 34, 38) , we postulated that signaling and transcriptional events associated with amino acid transporter expression, downstream of mTORC1, may be reduced in older adults.
Therefore, the goal of this study was twofold: 1) to determine whether a single bout of resistance exercise alters amino acid transporter mRNA and protein expression in human skeletal muscle; and 2) to determine whether aging is associated with a differential response following exercise. We hypothesized that an acute bout of high-intensity resistance exercise would increase amino acid transporter mRNA and protein expression (LAT1/SLC7A5, CD98/SLC3A2, SNAT2/SLC38A2, PAT1/SLC36A1, and CAT1/SLC7A1) and ATF4 nuclear protein expression to a greater extent in younger than in older adults.
MATERIALS AND METHODS

Subjects.
We studied young (n ϭ 13; 8 male, 5 female) and older (n ϭ 13; 8 male, 5 female) subjects, who were a subset from a larger trial (15) . Subjects only differed in age (young 28 Ϯ 2 yr; old 68 Ϯ 2 yr) and leg strength (one-repetition maximum: young 102 Ϯ 9 kg; old 69 Ϯ 5 kg) (P Ͻ 0.05). The subjects were considered physically active, but did not engage in any regular exercise training program at the time of enrollment. Screening of subjects was performed with clinical history, physical exam, and laboratory tests, including complete blood count with differential, liver and kidney function tests, coagulation profile, fasting blood glucose and oral glucose tolerance test, hepatitis B and C screening, human immuodeficiency virus test, TSH, lipid profile, urinalysis, and drug screening. Older subjects underwent additional screening that included an electrocardiogram and stress test on a treadmill. On a separate day, a dual-energy X-ray absorptiometry scan (Hologic QDR 4500W, Bedford, MA) was performed to measure lean and fat mass. Subjects were also tested for maximal strength by performing a one-repetition maximum on a leg extension machine (Cybex-VR2, Medway, MA) during the initial screening. A second one-repetition maximum testing was performed at least 1 wk before study participation. The higher of the two maximum tests was recorded as the subjects' one-repetition maximum. All subjects gave written, informed consents before participating in the study, which was approved by the Institutional Review Board of the University of Texas Medical Branch (which is in compliance with the Declaration of Helsinki).
Experimental design. Subjects were admitted to the Institutional Translational Sciences-Clinical Research Center of the University of Texas Medical Branch the day before the study and refrained from exercise for 48 h before study participation. Subjects were fed a standard dinner and a snack at 2200 and were studied following an overnight fast. Experiments were conducted at the same approximate time of day to minimize subject-to-subject variation due to circadian rhythms and lengths of fasting. Further details involving tracer methodologies within the current experiment can be found elsewhere (15) . The morning of the study (day 1), a muscle biopsy was obtained from the vastus lateralis using a 5-mm Bergström biopsy needle with suction under local anesthesia (1% lidocaine). Following the basal biopsy, subjects were transported to the exercise laboratory in which each subject performed 8 sets of 10 repetitions of bilateral leg extension exercise (Cybex International) at 70% of their one-repetition maximum. The rest period between sets was 3 min. On completion of exercise (ϳ40 min), subjects returned to their hospital bed for the remainder of the study. Muscle biopsies were sampled at 3 and 6 h following the completion of resistance exercise. Following the 6-h postexercise muscle biopsy, the subjects were fed a standardized lunch and dinner and a snack at 2200 as on the prior night. The next day after an overnight fast (day 2), a final biopsy was performed at 24 h postexercise.
On day 1, the basal biopsy was sampled out of a single incision, while the 3-and 6-h postexercise muscle biopsies were sampled from another incision site on the same leg ϳ7 cm proximal to the previous incision site. To minimize trauma to muscle due to the previous biopsy sampling, muscle biopsies were angled in such a way that ϳ5 cm separated each sampling location (49) . On day 2, the 24-h postexercise muscle biopsy was sampled from a single incision on the opposite leg. Muscle tissue was immediately blotted and frozen in liquid nitrogen and stored at Ϫ80°C until analysis.
Phenylalanine and leucine concentrations. Blood and muscle intracellular free concentrations of phenylalanine and leucine were determined via the internal standard method, which includes measurement of tracer enrichments for L-[ring-13 C6]phenylalanine and [1-13 C]leucine and appropriate internal standards (L-[ 13 C9, 15 N]phenylalanine and [5,5,5-2 H3]leucine). Measurements were determined by gas chromatography-mass spectrometry (6890 Plus CG, 5973N MSD, 7683 autosampler, Agilent Technologies, Palo Alto, CA) as previously described (51).
RNA extraction and semiquantitative real-time PCR. Total RNA, cDNA synthesis, and real-time PCR were conducted as previously reported (12) . The average RNA integrity number for 104 total isolated RNA samples was 8.40 Ϯ 0.03 (1-10 scale; 10 highest) and a 1.30 Ϯ 0.01 28S-to-18S ratio. All isolated RNA and cDNA samples were stored at Ϫ80°C until further analysis. A majority of the primer sequences used in this experiment has been published previously (12) . Unpublished sequences and the accession number for CAT1/SLC7A1 (NM_003045) are the following: Fwd: CCCACTCTACTTAT-CATCCC, Rev: ATACATTTAGCGACCTTTCTG. ␤2-Microglobulin was used as a normalization gene, as it did not change over time or between age groups. Relative fold changes were determined from the Ct values using the 2 Ϫ⌬⌬Ct method (35) .
ATF4 and STAT3 nuclear and cytoplasmic protein isolation. Isolation of protein subfractions was conducted using a commercially available kit (NE-PER; Thermo Fisher Scientific). Muscle samples were weighed and washed in 1ϫ PBS. Samples were homogenized in a cytoplasmic extraction reagent (I) that contained an appropriate volume of protease inhibitors (Thermo-Scientific Halt Protease Inhibitor Cocktail). Muscle samples were then vortexed and incubated on ice. A second cytoplasmic extraction reagent was added (II), the sample was vortexed and then centrifuged, and the supernatant (cytoplasmic fraction) was collected. The pellet was resuspended in a nuclear extraction reagent, then vortexed and incubated on ice for a total of four times. Afterwards, the slurry was centrifuged, and the supernatant collected (nuclear subfraction). Total protein was determined for both of the protein subfractions using the Bradford assay. Nuclear and cytoplasmic protein was then subjected to Western blotting. Effective separation of the protein subfraction was accomplished by minimal/undetectable levels of ␣-tubulin (a cytoplasmic protein) in the nuclear protein compartment and lamin A (a nuclear protein) in the cytoplasmic protein compartment (Fig. 1) .
Western blotting. Protein expression analysis was performed as previously reported (9) . Western blot data were normalized to an internal control (loaded on every gel to compare across blots). Antibodies used were the following: Statistical analysis. To measure differences across time and between age groups, data were statistically analyzed using a two-way repeated-measures ANOVA. When a main effect existed, post hoc tests (Fisher least significant difference) were conducted to assess specific interactions. Subject characteristic analysis was conducted using an unpaired t-test. Significance was set at P Ͻ 0.05, unless otherwise noted. All values are presented as means Ϯ SE. All analyses were performed with SigmaStat software (version 3.5).
RESULTS
Blood and muscle intracellular phenylalanine and leucine concentrations.
Phenylalanine and leucine concentrations from young and older adults before and after resistance exercise are presented in Table 1 . Blood leucine concentrations were decreased at 3 h postexercise in young and older subjects compared with basal levels (P Ͻ 0.05). Muscle intracellular phenylalanine concentrations decreased across all postexercise time points in young and older adults compared with basal levels (P Ͻ 0.05). There was a main effect for time for blood phenylalanine (P Ͻ 0.05). When the age groups were collapsed, there was a tendency for blood phenylalanine to de-crease at 3 h (P ϭ 0.06), while there was a decrease at 6 h postexercise compared with basal levels (P Ͻ 0.05). There were no changes in muscle intracellular leucine concentrations following resistance exercise compared with basal levels (P Ͼ 0.05). There were no differences between the age groups for any of the phenylalanine or leucine parameters (P Ͼ 0.05).
Amino acid transporter mRNA and protein expression. LAT1/SLC7A5 mRNA expression ( Fig. 2A ) was elevated at 3 h postexercise for both age groups compared with basal (P Ͻ 0.05). However, LAT1/SLC7A5 mRNA expression in the older adults remained elevated and was higher at 6 h postexercise than in the younger adults (P Ͻ 0.05). LAT1/SLC7A5 protein expression ( Fig. 2B ) (young: n ϭ 13, old: n ϭ 11) was elevated ϳ25% in the young adults at 6 and 24 h postexercise compared with basal (P Ͻ 0.05). There were no significant changes in LAT1/SLC7A5 protein expression from basal at any time point in the older adults (3 h, P ϭ 0.16; 6 h, P ϭ 0.19; 24 h, P ϭ 0.18). CD98/SLC3A2 mRNA expression ( Fig. 2C ) (young: n ϭ 12, old: n ϭ 12) was elevated at 6 h postexercise in young and older adults compared with basal levels (P Ͻ 0.05). CD98/SLC3A2 protein expression ( Fig. 2D ) was elevated only in young adults at 24 h postexercise (ϳ100%) compared with basal (P Ͻ 0.05). There were no changes in CD98/SLC3A2 protein expression at any time point compared with basal in the older adults (P Ͼ 0.05). SNAT2/SLC38A2 mRNA expression ( Fig. 3A ) was elevated at 3 h postexercise only for the older adults compared with basal levels (P Ͻ 0.05). SNAT2/SLC38A2 protein expression ( Fig. 3B ) was unchanged in young and older adults postexercise compared with basal levels (P Ͼ 0.05). PAT1/SLC36A1 mRNA expression ( Fig. 4A ) tended to be higher at 3 h only in the older adults (P ϭ 0.053) and was elevated at 6 h postexercise in both younger and older adults compared with basal levels (P Ͻ 0.05). CAT1/SLC7A1 mRNA expression ( Fig. 4B ) was elevated at 3 and 6 h postexercise in the older adults compared with basal (P Ͻ 0.05), while CAT1/SLC7A1 mRNA expression increased at 6 and 24 h postexercise in younger adults compared with basal levels (P Ͻ 0.05). There were no differences in basal amino acid transporter mRNA and protein expression levels between young and older adults (P Ͼ 0.05; data not shown).
rpS6 (S240/244) and eIF2␣ (S52) phosphorylation. rpS6 phosphorylation (S240/244) ( Fig. 5A ) tended to be elevated at 3 h (P ϭ 0.056), but was elevated at 6 and 24 h postexercise in the younger adults compared with basal levels (P Ͻ 0.05). rpS6 phosphorylation was elevated at 3 h postexercise in older adults compared with basal levels (P Ͻ 0.05). In addition, younger adults exhibited a higher rpS6 phosphorylation at 24 h compared with older adults (P Ͻ 0.05). eIF2␣ (S52) phosphorylation ( Fig. 5B ) (young: n ϭ 13, old: n ϭ 12) was elevated 3-24 h postexercise in younger adults compared with basal Gel was loaded alternately with nuclear (N) and cytoplasmic (C) subfractions and then probed with lamin A (a nuclear protein) and ␣-tubulin (a cytoplasmic protein). Values are means Ϯ SE; n ϭ 13 young and n ϭ 13 older subjects, except for muscle intracellular leucine (young, n ϭ 12; old, n ϭ 12). Post, after resistance exercise. *Significantly different from basal (P Ͻ 0.05). Time main effect at 6 h for blood phenylalanine (P Ͻ 0.05). levels (P Ͻ 0.05). eIF2␣ (S52) phosphorylation tended to be elevated at 3 h (P ϭ 0.059), but was elevated at 6 h in the older adults compared with basal levels (P Ͻ 0.05). There were no differences at baseline between young and older adults for rpS6 or eIF2␣ phosphorylation (P Ͼ 0.05; data not shown).
Table 1. Blood and muscle intracellular phenylalanine and leucine concentration before and after resistance exercise in young and older subjects
ATF4 and STAT3 (Y705) nuclear expression. Nuclear protein expression of ATF4 ( Fig. 6A ) (young: n ϭ 12, old: n ϭ 12) was modestly higher in younger vs. the older adults [main effect for age (P Ͻ 0.05)]. There was a tendency for ATF4 nuclear expression to be higher in the younger adults 6 h postexercise compared with basal levels (P ϭ 0.055). Phospho-STAT3 (Y705) nuclear expression ( Fig. 6B ) (young: n ϭ 11, old: n ϭ 12) was elevated at 6 h postexercise in the younger adults (P Ͻ 0.05) and elevated at 3, 6, and 24 h postexercise in the older adults compared with basal levels (P Ͻ 0.05). Older adults tended to have higher STAT3 (Y705) nuclear expression at 3 h postexercise compared with younger adults (P ϭ 0.054). There were no differences at baseline between young and older adults for nuclear ATF4 expression or STAT3 nuclear phosphorylation (P Ͼ 0.05; data not shown).
DISCUSSION
The novel findings of this study were that 1) a single bout of high-intensity resistance exercise increased the expression of several skeletal muscle amino acid transporters (LAT1/SLC7A5, SNAT2/ SLC38A2, CD98/SLC3A2, PAT1/SLC36A1, and CAT1/SLC7A1) in healthy men and women independent of age; 2) resistance exercise increased rpS6 phosphorylation (S240/244) and the nuclear protein expression of ATF4 primarily in young adults; and 3) nuclear protein expression of STAT3 (Y705) was increased to a greater extent in older adults. These data suggest that, in young adults, the upregulation of amino acid transporter mRNA and protein expression following exercise may be associated with enhanced mTORC1 signaling and nuclear ATF4 expression. However, in older adults, the increase in amino acid transporter expression may be regulated by a different mechanism, which may involve enhanced STAT3 phosphorylation. We propose that increased amino acid transporter mRNA and protein expression following a bout of resistance exercise may be an adaptive mechanism to increase muscle amino acid sensitivity to increase amino acid import/ export during postexercise recovery or to amplify the muscle protein synthesis response when combined with a subsequent anabolic stimulus (i.e., protein-rich meal). Future work is required to determine the precise role and contribution of the exercise-induced upregulation of amino acid transporter expression on amino acid sensitivity and the regulation of intracellular amino acid availability.
Our findings clearly show that amino acid transporter mRNA expression (LAT1/SLC7A5, CD98/SLC3A2, SNAT2/ SLC38A2, and CAT1/SLC7A1) increased between 3 and 24 h postexercise in fasted adults and, surprisingly, was not different between the age groups (Figs. 2-4) . Although we noticed an increase in LAT1 and CD98 protein expression that was (35) . Note: 13 young and 13 older adults were included in analysis, except for LAT1 (young, n ϭ 13; old, n ϭ 11) and CD98 protein expression (young, n ϭ 12; old, n ϭ 12). limited to young subjects, the inability to detect changes in transporter protein expression in older adults may be due to an underpowered sample size. In the present study design, we were unable to gather information on amino acid kinetics to clarify the direction of amino acid transport following exercise (Table 1) ; however, we propose that increased amino acid transporter expression may be a mechanism to increase the sensitivity of muscle cells to amino acids. An increase in amino acid transporters postexercise could be important for 1) acutely increasing amino acid influx/efflux for muscle protein synthesis/breakdown (4); 2) increasing amino acid sensitivity for a protein-rich meal (5, 11) ; and/or 3) increasing amino acid sensitivity in response to a second bout of exercise. Evidence consistent with this "sensitizing" hypothesis is the observation that a bout of exercise in rats improves insulin and IGF-Istimulated system A transport (i.e., SNAT2/SLC38A2) activity during postexercise recovery (20, 52) , while an anabolic mixture provided after resistance exercise in humans enhances the rate of muscle protein synthesis compared with exercise independent of feeding (5, 8, 11) . We have recently reported that resistance exercise increased muscle protein synthesis in young but not older adults over a 24-h postexercise period (15) . Therefore, our present data, in light of Fry et al. (15) , would infer that an upregulation of amino acid transporters may not regulate muscle protein synthesis in the immediate postexercise period when in the fasted state (at least in older adults), but instead may influence amino acid sensitivity for a subsequent anabolic stimulus. In support of this notion, Drummond et al. (11) showed that a single bout of exercise when followed with 20 g of essential amino acids increased muscle protein synthesis similarly in healthy, young and older adults 1-6 h postexercise. Regardless, whether or not increased amino acid transporter expression is partly responsible for improving muscle cell sensitization to amino acids, an increase in amino acid transporter expression is an adaptive response to an acute bout of unaccustomed resistance exercise and may be an important player in the overall protein anabolic response following resistance exercise.
Following resistance exercise, we found that rpS6 phosphorylation (S240/244) ( Fig. 5A ) and nuclear ATF4 (Fig. 6A) expression was significantly increased primarily in young but not older subjects. ATF4 has been implicated in regulating several genes associated with amino acid transport (i.e., LAT1/ SLC7A5, CD98/SLC3A2, SNAT2/SLC38A2, and CAT1/ SLC7A1) (1, 31, 37) . Additionally, mTORC1 signaling has been proposed to be a regulator of ATF4 and amino acid transporter expression, as demonstrated by cell culture experiments utilizing the chemical inhibitor rapamycin (1, 37, (43) (44) (45) . However, to the best of our knowledge, no data have been reported identifying a regulatory role for mTORC1 signaling on PAT1 expression. The possibility of mTORC1 playing a part in driving ATF4 expression is modeled well in our present findings and is in agreement with our previous report showing robust increases in amino acid transporter expression following amino acid ingestion in young subjects in association with increased rpS6 phosphorylation and ATF4 expression (12) .
ATF4 expression can also be positively regulated by eIF2␣ Ser52 phosphorylation although, paradoxically, eIF2␣ (S52) inhibits protein synthesis (22, 33) . In our study, we show a similar age-related increase in phosphorylation, whereas the increase in ATF4 nuclear expression was limited to young adults, suggesting that ATF4 may be regulated by eIF2␣ phosphorylation in young adults. Therefore, amino acid transporter expression may be linked to mTORC1 signaling (e.g., Fig. 6 . Data (means Ϯ SE) represent protein expression for nuclear activating transcription factor 4 (ATF4; A) and STAT3 phosphorylation at Thr705 (B) before (basal) and after (3, 6, and 24 h) a single bout of resistance exercise in skeletal muscle of young and older adults. Western blot insets are representative images corresponding to time points below (in duplicate) from a single young and older adult. *Significantly different than basal (P Ͻ 0.05). #Significantly different between the age groups at indicated postexercise time point (P Յ 0.05). Note: a subset of the enrolled subjects was included for nuclear ATF4 (young, n ϭ 12; old, n ϭ 12) and STAT3 (young, n ϭ 11; old, n ϭ 12) analysis. Fig. 5 . Data (means Ϯ SE) represent phosphorylation of ribosomal protein S6 (rpS6) at Ser240/244 (A) and eukaryotic initiation factor 2 ␣-subunit (eIF2␣) at Ser52 (B) before (basal) and after (3, 6, and 24 h) a single bout of resistance exercise in skeletal muscle of young and older adults. Western blot insets are representative images corresponding to time points below (in duplicate) from a single young and older adult. *Significantly different than basal (P Ͻ 0.05). #Significantly different between the age groups at indicated postexercise time point (P Ͻ 0.05). Note: 13 young and 13 older adults were included in analysis, except for eIF2␣ (S52) expression (young, n ϭ 13; old, n ϭ 12). rpS6), ATF4, and eIF2␣ (S52) expression in young adults following resistance exercise, while this relationship is less obvious in older subjects.
We found that STAT3 (Y705) nuclear protein expression was elevated to a greater extent in older subjects compared with the young subjects postexercise (Fig. 6B ). Recently, two independent studies by Jones et al. (29, 30) showed that IL-6, TNF-␣, and adiponectin increased system A transporter expression (i.e., SNAT2) in placental trophoblast cells, and this was mediated through STAT3 transcriptional activity. Elevated STAT3 phosphorylation (Y705) is in agreement with previous resistance exercise studies in older subjects (46, 47) and implies that stress-mediated damage may elevate nuclear STAT3 levels and perhaps increase amino acid transporter expression for amino acid export. Although the increase in SNAT2/SLC38A2 expression was small in our experiment, we cannot rule out that STAT3 (Y705) impacts the expression of other amino acid transporters. Our initial data would suggest that ATF4 may play a regulatory role (at least in the young subjects) controlling amino acid transporter expression, but clearly is not the only mechanism, as additional factors such as the muscle stress response following resistance exercise may also be involved.
We conclude that, following a single bout of resistance exercise, 1) the mRNA and/or protein expression of several amino acid transporters is elevated in both young and older adults; and 2) amino acid transporter expression is likely regulated differently in young and older subjects. The specific mechanism(s) that regulates transporter expression remains to be elucidated, but may involve mTORC1 signaling, ATF4, eIF2␣, and STAT3 expression. An increase in amino acid transporter expression following resistance exercise may be an adaptive mechanism to increase amino acid sensitivity within the cell during anabolic conditions of muscle growth and/or to export amino acids when protein turnover increases during muscle remodeling.
